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m&mu a) «ttmi> 
c ) ±ndmn±(om^i«^^-t, 

[|»*B7] fiWE«?LK*^— tt^y-rt?**, i»*«iia*o««. 

[KfjfcS 1 0 ] Kf|BlR?L5C*^— Ji$J 0 . 0 5 5 mm^<Dl?^Sr^ri-5 

[it *ii 1 1 ] mmmiwu s<~nm o . 15 mm***©* *«sr*-*-5 * 
it 1 mm<omm. 
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[ft*"S 1 7 ] MRStB&jftJS 1 tCgE«<7>mffii: &ffi*LfcMMi'X7 L M. 0 
[ft*ill8] itJlH»L«* mlf3'>ft< £ t>-flS<DM?L£r#^- 

[ft*"B2 0] tufB»3S#l»S(±*Biafflrt*J*Sii-C^^-$n5, ft* 
^bJ5)c5, If *I1 2 0 |B*cD*fe 

mi 8 !e«©«®, 

ft*iS 2 2 BB«0*fe 

[it*ii2 4 ] mmmmm^^m^xxint-mmmmm^m^-im o 

. O Smm^ftt'fcS, fit* 1 ! 2 2fB«<75«tlo 

[ft*ii 2 5 ] mmms&mfajjm,Am& ^nmmmmwmm^mm-im o 

. 1 5mm*ltfc5, f»**2 2fB«COmfe 

[ft*i!2 6] tflfB«ffll^*^*S^j;i^tfjfa*HSS#I^S^l¥^f4^0 
. 2 5mm*iT*5, ft*« 2 2fB«cD«tI 0 

[ft*ii2 7] striB^*< bh~m<Dmm-mm<Dffliifrt>mz>, »*« 
[ft*ii2 8 ] tmmLM%s<—ti.m&j>te< 1 1— m^rnn^^^— r 
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[§t*«29] a) mnxv^tmt* 

5 , ft **S 3 2 fEiR<7>m& 

2 9 fgifecomffio 

[|ft#«3 5] IWaSWL-hlz:t41R?LK*A<— aJE*Sn, 

2 9 satt<Dmffio 

[|»*K3 7] a) 

[Ift#9f3 8] a) 
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[if** 3 9 ] tufEHK«)ic«^»t±<D#^ji±(0^?L»^^^-^* 
It** 3 8|B*W>1KS. 
[if**4 0] a) 

[w**4 i ] mmxmmm^mmum-^m^mm^iim^ v 
w**4 its«oomfe 

[ft **4 3 ] «fE^KWic*5iafi«tt«>*W«)Jitt7 yffcx.^ w> • :/ 
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[0 0 0 1] 

^Z&Wl-iU.Wi'^ifcteWM (implantable electrodes) 
[0 0 0 2] 

ffifr^y^rj (heart cavity) F*)(^f*l £ tlZfomfo? J ^<£>zSlft 
b-c^te-r-< < ^ft £ tt/t Sffi^C Sr-a ti>o * ^ — * Ki#SR $ tt/t r. tt b co 

[0 0 0 3] 

tt&Jft&B (depolarize) "T Ski £ t SftfatiC* 5>*V\ 
g|-rSifgBfi4, mWcMU (stimulus threshold) S^SiS 

[0 0 0 4] 

tlZnffim&M (current drain) ^^6*J^#i-5 0 "<7>mi5?E 
n^7ALTt)^^-* ©WM^ttBkifSn*^ r. £ ^igwEi-5 r t ttM 
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[0 0 0 5] 

d>'L>SMSr#?LL--C'ij>^S (pericardial sack) ^-Oik^ft^ 

|fel>IWKrK:J:S*[*IWI['»<oM!flEoiifcK, Bffl^n^^ (exit block 
) t> l < ««aJ^jc«f3» k * 5 r. t>#v\ 

[0 0 0 6] 
[0 0 0 7] 

icS«1-So *a*tft*Ptt, iMfWy^-^y^ (sensing s 
ource impedance) £{g< Lfc«*KftlS#i- £ 9fr t>tl& a i&tc 
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[0 0 0 8] 

(implantation) L/cfUC^T-klW-S > bnD<Oh, ^ffi^C 

(fibrous capsule) »£j££rgtf fe<£>-e#>5 c 5S 

oJMRSlS««iKSsN-a§l*tl!< *£-Stf*flsaW-<5. 
[0 0 0 9] 

^(polarization 1 o s s ) ^«J*ffi^^^:$ V^«^ 
[0 0 10] 

Parsonnetfia5*HlfF$3, 4 7 6, 1 1 6 ^-Clfc^ £ ftfc* 
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Kmm^tciK Mmmhh< ^eww (chronic) ^tti^fiT-rsr t 

^^•^^ofc 0 Parsonnet «I$»rH#©/h^M?L», jfi^fJi/Mf-BBTLi: 
CD ffl cD#fi[ £ * 3 WL'Pmti «t 5 3Mft ICJt L Ttt * TlftST? fc o fc 

o 

[0 0 1 1 ] 

Sf^fcParsonne t RfH8«tt, "<fc=^A"¥?B»©JW*ffl«i ( 
Stimulating Electrode With Low Energ 
y Consumption)" (E^do £Tf±0fa¥&$i [Medical a 
nd Biological Engineering]^ 1 9 7 3^9^, ^ 
6 5 9~6 6 0H) b%f£infz.mXlc3o\,^XF. Ho f fmannlCiOISJ 
tLTto m?*|g$tLfciaW-ffi#f4, xiCDP a r s o n n e t ^fr^fc*f Lt 

[0 0 12] 

S t o k e s miCft-r&%:m¥f¥fM5, 2 8 2, 8 4 4 tt, m^SB©^] 
*©RtHBaiiaSHl53%**tT^*. fiV^«|BScfcarti-^<< Stoke s^i4, 
P a r s o n n e t «ffiSrlRi(ft-t-««E#:^*^^ KTt 1 ^ «5«MSr* 

*LtV^5 0 WftP a r s o n n e tltlf tiilC/MM^f 

X-fc^-Y t^-fffifr (cavitysheath) gr^Mi" 3 £. £ "C, {gt^J# 
WSMUC^^^ttS. *!Ji»:«:JEcDSffiW±#Sr3£J3R-f--<<, _h§ES t o k e s 
taW- «#tt#«a*aM $ ttfc * -V try >C rt JC * 7 1 n -f F^fflr/^ * Srlfc «3 Att 
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[0 0 13] 

*H#fFf?4 , Oil, 861 #-Kl*5VvCE n g e r JLKfl-WlllfrSrfll*. 
5 ommm.^m%±$L~fZ> r. £3t< , ikffroA* (ingress) SriMW- 

[0 0 14] 

7fcH#fFffl4, 2 8 1, 6 6 9^|C*3^tMacGregorli, ^MKITLSfzK 

5„ «B?Li-J;tUS\ 5^K*v^afcil*tb*:iBl*rt**feft«a (tissue 
ingrowth structure) ^ftft^tbS, A#&*M1 
cO^^JS«ffi(iffiV^«a^^S^-r5„ l^LEn g e r £ I^HtC, Ma c 
G r e g o r (Dg-m?>ffl&l3UZ£frlt£, MWi<n±frcDm9Mm8t<DW&ftM^W 

[0 0 15] 

D a h 1 ^*f-r57fcffliKfff!!5, 0 9 0, 4 2 2 -^trJoV Stlltlfr^ 
ffi|«#WfiM£i^LTV^o Bu s h(C*f-r5*H#tr^5, 6 0 9, 6 2 2 

So Da h 1 f*3j;VBu s h^w^^^fcjLW^y^it^icittfi, mmm. 

[0016] 
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?Li4 (macroporous) (D^H (fe L < fili?L) ^r*i"5*K^{c«^ 

-LfB3??L-L£#^— r§!S?LI*A-t, Sr#x.fc*ffi^«^-r5„ _kfE'>&< 
£ fc-ffl©gfi«j#5L»±itS««IEaf*iKK*41*i-S-*, ±fB«L«#^-fil£ 

■So 

[0 0 1 7] 

tt^o mmthKfomzmm-*im-e%>z> 0 *-jit>b<H:2ScDiR?L«*^-© 

»&*Stt-^<K#*3giK©^ffia&t£3g (enhance) 5?LSCi£lJL *& 

M&m, mm&mhv<tem(D&m<z>^®ite}£<D^ ^tammm^m^o ±.m 

[0 0 18] 
[0 0 19] 
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[0 0 2 0] 

>-fc:°— ^"V^. (chronic electrode t 
o tissue impedance) SrSlfr^S £ ^tiCi^ 5 . 0 *K/V h-7|5fiSj 
WftffiWW^ftiE (chronic stimulationvoltage) 

m^. a) timttitt&i&m-r&ft-mmt* to *«tt«fEfr©aia*fr?SEi-s— * 

K«jlc«^l6»t4o«-WoM3«i:, d) *£fc*ig«©*mtmSr£tf»4Ji 

e) *#**lf«***t-*J|55AJ|JBfc, ^«^fc^g^^VM^^ffi#t^- 

i:bT€gi$ns*s, wan»**nw©teffl*#ifcLftv\ isfciifcfc^rf, -tie 

W»Ic«#-tfe5^ J:»L4V\ *fctt«kt?H: (cover 
) " £ V > 5 IB^Jtt, T#JcO b < f±F*ia5<0*B5 1> L < tt«*rl!:*[- Lt'>/i < £ fc 

[0 0 2 1] 

ttfc*«T^ffl-rSffi»:^*t^^"lg*^ , 7'l'-V (implantable in 
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sulatedelectrical wire) t?3b-5 0 -hfEffii(EI*18&f"±* -h 
IB^— i/l/ym&BVM.y 4 -t&MZn+fii (electronic flow 

<£>«ffifi, Jffd»»«WfMB^i' b< f±#ffi ( 1 n t e r f a c 
e) tffeS 0 
[0 0 2 2] 

mm 2 hu #fwai»fcJMaw-*^— v^fe*fc»t> l < anftK 3 1 *#sm« 6 

HJW* f * y A £r*Sfi!c-r 5 o 
[0 0 2 3] 

r^p^U-^ (ETFE) *if©«SCJ|6igt1&«l 7{Ci !J ^'f/l't^tl 6 £ 

io^in 8{c®#ttfe^5„ m&nmr-t^v 1 4»m*s?f-<— ^ 
^jj^^-v^ xfc, m-mmMWfc&^xfeyyfc^'T-u-y • /otvy (f 

EP) ^ifcDft#<Ojg§J^^.#:ig-a-fl-i)S|-t £;Jx#£a I^OWffiCFEPS, K 
o r t o n F E P ~7 >V$rxi sK U T • 7^;vAt LT^a-^t-^-'Ji Wa 
yneCONorton Performance Plastics £> A^^T 
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[0 0 2 4] 

&< t fe-'fHcD#?L^b< f4ii?L5 2Sr#x.5^?UB3 6 14, ilttfl«l:»L 
taSttff)«IS 2 6 ± 19 *^-^tl5 0 HJJL5 2 f±, #?LS 3 6 SrJKfrf- 

[0 0 2 5] 

#?LJg 3 6 te^fiiJfMJfJi 2 6 IC i 9 Wi-fStiEt L< t4HK^$tL#5 Z-tfa 
tb, miM3 efWJfLt^^tffil 8(CiES^i-M* (bond) $ft5^ 

o 

[0 0 2 6] 

S3 2^b^5Sit, ^*«e PTFE 3 4 £>£>j$£#ft!ttJ| t K X <9 Sffi 

fi<jm«^C«Sfttt©*f!|S|-*»b^S* 3 6 J: *9 »g 3 6 

*aK*^TlB*«k?LKJi 3 8*3 J;tF4 0 K X. <0 #^-£;tx> 838 tt#Bfla#K*JB -e 

[0 0 2 7] 

WHSk * fc B\ 90%/10%Pt/Ir4 ^<©i»«&JRg*a» & ff*M $ *v# 
So ^liIMS3 2 Shaft ifcSffiflf (high surface a 
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re a) SrWT fi#*«W*tt£#*^^a»e>#jfc*:h*.5. AS«J*«efe«" 

^ D ^©ilC#SrW1"5 9 0%/l 0%P t/ I r ■£-&<DfflL/h$L&mf btl5„ ± 
«Ii*a3 2coiff#iCliig«|J»^b<(4 l KJS'^^r^y-=? (c a r b o n i z 
ed polymer) tfSfe 9 , ®HJ60!I(C*5V>T r. Htt^^^E* e PTFE 

Eg 3 4t3\ ±fE^A4£igf£{£:fctf5ttT-S2* (electron curr 
e n t flow) fi$t$%£<D-4 $~>MWt (ionic current flo 
w) ->t^mi-5cOSrifiii-6„ ^©SiSWfi, *Ii»«t5^«ePT 
FE<0***«a«|*BS«<0«i*T?*>So IX tt*rt*riMo r 

t ime rCTt5*i#ffl5, 5 6 0, 9 8 6f CftV^^ilS^ M 
S#fr!¥5, 5 6 0, 9 8 6-§-»WSLfcr ttcj;i9*B^lPB*tF(caffl-rSc *f 

(TX'S.ttKK : 1) "T— -7W)\mv — 0. 2 8mmt|iJfc< 0. 14m 

v>-c2«-ei±4< 3) mwmm&jntcir-^tem^ i±.mz 

i-s. 

[0 0 2 8] 

*5IS*e PTFEjg3 4Sr*^— i"So If 3 8 3 6 S3, tt*©SWi:£fl=i8'SH* 

— Modfl?L 5 2&r<ix.-tv^o »W««K:*JV^Ji3 6Ht, ^?Ltb<ttM?L 
cDW^HH^Jfe L< i4^^-^Sr^i-5^<50Mii?L^#x.fcF E pt?*>5„ 
*»^3g3 6(i, Ji8E#?UcJ;9^#t£*b3*»^£l&#, KWePT 
FEI34 Sr#/^- LTSUi 3 4 &##a»fe^«ia|ft**-5. jE»*£?L>-«* 
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gtefimtbmit&mf&t&Zb-ZlbZo tttBttBllL (aperture) fctt, 
5 5? Jf W icttSQfiR&Ottfr® Jl (DW- * Srii 5 (-Tfcfc *> Jt 

(hole), #?L (perforation) tL< f±?Lffi>I^ ( p o r o u 
s area) iLT^i$tl5„ 
[0 0 2 9] 

P)j£6o -Oili»3. 0 5 ^o>-^CD^/h»t*$ (mean f ibr 
i 1 length) lr#t?>^\ 0aS$SHf±^) 1 . 0?^p >*?»T?$> t) , JL 

icmmicfemo. 0575^0. 4 5 ? v >-v3bz> 0 mmmMffliz$5^^x±mtPr 

(Dm&ti, I51^P l/Jbmffi 255^o >"Cfo5 0 
[0 0 3 0] 

, *BJia©Jtii^S&S^<aa:W$nfcW3£1»»#5ftSr*-f-5 ePTFEHW 
£tt5„ Sfiifctt, «#B£JI3 8cDW»*5iO ? «^rt*l*S*4 0©fflli 
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tfc©Wi ^b\c£<9. 3\%M< «KSOlWlc*sit*jrtH(05t*)iftV^^ 

^5 i: ® t> ti 3 (c itmm & tm 3 o 

[0 0 3 1] 

&-C^§tt#5^, jj&SM;, 3fe^K:HP**i'5©-eri*<1R7Lf[fc 

^1"-<<»S(-+^(^h^-r-fc5i:V^5Jl3 9T?*>5» #M?L6 3M:, HJTOCi 
«^igH£©#^5 7C£9H^£ti,5 0 Wci3 9tt#*fc:ttu »5LSt<z>jJBJfi 

, »a*«6*SA*»E« 3 2 *J J; tr»3i/£*«tt© e P T F E Ji 3 4 .hfcEfli $ *b 

•So 

[0 0 3 2] 

©spiS/J^WftftSSr^rfSmTLJte PTFEO*Tttft«Ht6i:*C, 0H*L5 
3SrH^i-5^«5 7«»'bB: J ^5LitC*ll<*a*T?£E**#lt-C**5 7 

aftffc-rsr £-e*5 0 ^cosg*, is^s th^i/W^s 3 tJtRLt)iw«'> 
-r 5 ^ - <Dm.&m'j>i± n ©i cd^ib cut ra^sc * e> * v ^ ,t ^so $ a 5 „ 

© e P T F E ^ffilMft-fiS LTWlft**TUt*«*J«*i-S itll, Sea 
nt lebury#|:ft5«fFf5, 0 3 2, 4 4 5 ^iC J; 5 $^£*x£ 
. f^#Wlc#?LW«5 7 ft, BaH«©VP=-^«JH*if©a9I*3l5*H- 
tePT F E<DlLWB^tt<Dffl^Qffl&fim^&—^MlLW&5 3 tt^SBHti* 

[0 0 3 3] 



-17- 



*Hfl&Ert*7&ftg4 Ofc-£trtMMfet>l,< Go r e iC*rt" 

5*H#fFiR3, 9 5 3, 5 6 6 itF*H^fF^4 , 1 8 7, 3 9 0 

~tZ>Jin<DMit¥BmtfV T h77;k^-nxfi/y#S (ePTFE) "e&S;^ 

5- iSrifc^b-Cl/^ 0 e PT F EicH-TSISIfflTLf-'l'Xttft^— ^(C}4 N U 

£*g-T^*&/h»tS £ i^HI b-CWm^^ <b*i3 0 ±IB«HJiafflrt^*JB t LTfiK 
M^MePTF E^B, » 3 . O^^nyJ;*)^^ 0iiiCi4|^ 5 0 5^ 

0 00 5^PV, £?}fi(Ci4^4 0~6 0 5^ci>-cD^H-e&6o 
[0 0 3 4] 

¥^/J4«iP*$tt*B#^5, 7 4 7, 1 2 8^©f6l, fg 1 9-3 7 fx 
(C^$tt^n<S!l^$H5 0 S^#-efon«¥^/hili*t«$f*x ePTFEf 

[0 0 3 5] 

TFEl^i^fflSilM" £f*£;ftfc*|B#fFl?5, 4 7 6, 5 8 9^-|3 
V^TBa c i n o (C i I9i5c^§nfc^»— gB^rflJ^-T?)^, f|;fm^ ^/cWX 
bfc^itdiiJ^^ftS^^l-gffi^nao Bac i n o cD^-fe(r*5^-Ci4, igiSI 

^>-<DMM^-WC^!l (coagulated dispersion) t LTilM 

mmfrmmm-immiaz (e x x o ntt^* t>ffr££ftfc) 1 s o P 
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0. 127-1. 016mm (5~405/V (mi 1) ) t£ if t £frbZ>c SP£ 

tt, ADI^lciig^tfe^ttSo *^£ftfc^— ^ttifct;:, 3 2 7t©^!) -rULS* 

s<>-?<Dmm(Dikmi)> 1 0 : 1~10 0 : 1, £?ilf£fi3 5 : li*5^t© 
ft^*ft©3£#IK23fiS3:, ^3»cDn-9^iJfflb-C, 1 : 1 J; *) ±% < 

i.5: i^m^itmr-RmstiZc, 

[0 0 3 6] 

jj1fS<D'p%< Hi. 5fg, »®(^»6~ 1 5fflFTMR#^|ftJiUE#«{!8$*L« — 
[0 0 3 7] 

J;t«l$3©*&e9n — ^Hfl-^Ba c i n o 3 *t5 t&K 1 : 1 

[0 0 3 8] 

A^*§©4^=£ <ttl. 5 f£T?#]HU: ft 6 ~ 1 5 t 3 2 7 °C*fi©MJg-e#C 
[0 0 3 9] 

H 2 75SEI 3 ^JLS*ifcl0W&K:*$afi*tt©JB 3 6 Bl 4 A^fc 
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7 }£ ± <0 mmZtifc— i*<D«7L (M7L) 5 2 ^^TL^tbSo ftinc??*^" 5 0 ii 
^5 4(4, g&g^JRg 3 2 (03) ©gffitt^m^^tt&^-i-SfcJjt!!* 

T=g-jl7L5 2(4. H»WSC^l«<7)a?L^lJ*5 6 Sr*-TS 0 «ht*f5 0 Kg-MUZ: 
l50 9tfcv^fc«, A3!8jfcifi?USi«5 6 £ifi?L5 2©«ir®«i:. HW^Sftfeft 

So JfmmtoT 1 '^ ^.t4, (R^WTL^-ra^JO. lmm~0. 3 4 mm<Dii[ 
m^MfcirZ,) mo. 0 0 8~0. 0 9mm 2 , ffiliCSiO. 0 15~0. 0 7 
mm 2 »f5HO ftfflWfcillL M?LfeL<tt*?LM*5 6^*-T5„ 

[0 0 4 0] 

jfcy&mM^<r>UtLXKm% , #7L$tbfcSI9t6«jJ!i«^Cfi<ji|*MIH4©S3 614, r 
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mi, oooi--AH«5io, o o o^-— Agi.jiics:?,-^— v-^^ • -r 

So ^SSffiCD^W^.^ **J0. 5~1 Omm 2 , ^jgi'tt^l. 5~5. 0m 
[0 04 1] 

^Wtt^STirVT'y 1 4tt_hte«^,6t)l6^SfC6{Sco^a'fe. L< ttii?L5 2 

mis $ titcW&iz #a?L«, ¥#3&«s<©]H«i5:j3 ± ft it r r 

DJoilF|ll4 E(r^§tt/t^P< 1 lfiirV^5SiJcof@^cco^?L5 2, *3j;t>\ HI 4 

[0 0 4 2] 

mM3 8±(C-fiBft*$n?)„ 3IOI3 6, 3 8 jo±t^4 OlttlC, mMlftIS 

mm 3 6 zmm tttts* 6 2 frnm-tz rtia^ ^w^it^ia 9 -eta 

SlCi^^ilS. M^*Me PTFES3 4ffe5itW-Ht ifi' 

l;ig^ltl3 2&r«x.fc^<— 8(±4M»Ji3 4, 3 6, 3 8£5j;tJ« 
4 0_h(^(£S-frL£>ibti,;5i:#ic, l(cfiot»iffii£it6 0£ML 



-21- 



<£ OWKftttOMI 3 6 l 8 tomSAM 3 2 »»_fc«rE.oRJ«KfAJIl 

3 2§^Srffix.TM#i _; 5o ^tl?)O3i0l3 6, 3 8 fc±t*4 0 ttifcfc, R 
3ficDg3 6, 3 8&£Xf4 0&£Xf<<—xWMl 8CD[h]9 CPTFEg^ 6 

4 (W. L. Gore and Associates^ Flagstaff^ 

[0 0 4 3] 

6. 3 8*5j;tM 0ttWC*Mi6 7<DmVX*tyVM$Lbtl%o KStMfil 8 
±««JR»ftK**»P T F EI 3 4», — Jl£t±OJit>U<tt*^— 3 6, 
3 8fclXf±4 0l£i5#^— £:h,5 0 3ffiR»JC x JiiBWifiJBiBI^* (t>b<» 
r?^) 6 4tfSgk*£jh/ra>k, #8tttt^6 6<D[Hlf9-e§J9aj^fettSo la 2 

A*5 ±WH 6 Sr#Mi-5 t , S*m b< tt#JpWftf»«rffittg§*^ l 2 tt, 
EtfJiME2 2_hi?3mcoS3 6, 3 8 *3j;tf4 0 <DWZ. to, ^^lftl8 

$o£x$4 o_h[c tt^fli y ^ ft * y — ^ 8 asfir«* u^fe^st*^ </fb^ 
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ABSTRACT 



A layered electrode having a large tissue contact area of the 
portion of the electrode that is electrically active and pro- 
viding low polarization losses, high pacing impedance and 
low chronic stimulation voltage. In a fundamental 
embodiment, the electrode tip has an outer layer of 
microporous material which is permeable to conductive 
body fluids which covers a layer of insulating material 
which is provided with at least one perforation through the 
thickness of the material. The at least one perforation 
provides a localized, high current density path. Both of these 
layers in turn cover the exterior surface of an electrically 
conductive, preferably metal, electrode body. The present 
invention is, in a preferred embodiment, a multiple layered 
device having, in sequence, a) an external layer promoting 
tissue attachment, b) a cell exclusion layer, which prevents 
tissue ingrowth into the subsequent underlying layers while 
allowing passage of conductive fluids, c) a third layer of 
substantially electrical insulating material with selected or 
tailored perforations or through holes which provide high 
current density paths, d) a fourth layer that contains a 
electrically conductive material of high surface area and e) 
a fifth metallic layer of a high surface area electrode. 

45 Claims, 10 Drawing Sheets 
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1 

HIGH IMPEDANCE, LOW POLARIZATION 
CARDIAC ELECTRODE 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

This invention relates to implantable electrodes and more 
particularly to a cardiac pacing lead distal tip electrode. 

2. Description of Related Art 

Pacemaker leads are used to electrically connect a cardiac 
pacemaker pulse generator to heart tissue to be stimulated. 
For example, endocardial type leads which are inserted into 
a vein and then guided into the desired heart cavity include 
at their distal end an electrode tip designed to contact the 
endocardium or the tissue forming the inner lining of the 
heart. These leads, connected to a pacemaker, are commonly 
used for both sensing electrical signals produced by the heart 
and providing pacing stimulation. 

The electrical pacing signal that is delivered to the cardiac 
muscle must be of sufficient magnitude to depolarize the 
excitable cells that are adjacent to the electrode tip. The 
electrode size and shape, tissue conductivity, and the dis- 
tance separating the electrode tip from the excitable cells are 
factors in determining the stimulus threshold. Many of these 
factors are highly determined by the geometry and material 
composition of the electrode. 

The duration or battery life of a pacemaker is, in part, 
dependent on the current drain that is used in stimulating the 
cardiac muscle. This current drain is determined by the 
programmed voltage, pulse width, the rate of the pacemaker 
stimulator and the pacing impedance presented to the pulse 
generator. It is important to note that improvements in 
pacemaker longevity due to increased pacing impedance are 
not dependent upon reprogramming the pacemaker in any 
manner. 

The pacing impedance is a function of the macroscopic 
surface area of the electrode. As it is optimal to have a high 
pacing impedance, most modern pacing electrode designs 
strive for a reduced area stimulus electrode. Thus, small 
diameter electrodes will reduce the stimulus current neces- 
sary to pace the heart and will extend the life of the 
pacemaker. Electrodes having very small tip surface areas, 
in some designs, are problematic in that the small surface 
area or sharp point can increase the chance of the electrode 
perforating the ventricular wall, which can lead to blood loss 
into the pericardial sack. In addition, small tip electrodes are 
also very sensitive to implantation angle and can demon- 
strate marked stimulus threshold variability during occur- 
rences of lead micro-dislodgement due to the very uneven 
surface structure of the endocardial wall. At times the 
sensitivity to stimulus threshold with micro-dislodgment can 
cause exit block or complete loss of cardiac stimulation. 

It should also be noted that electrodes having very small 
stimulus areas are prone to generate large polarization 
artifact signals. These voltage signal distortions are ineffi- 
cient in that they take energy away from stimulation of the 
cardiac tissue. More importantly, these artifact signals can 
present problems to the pacemaker in sensing the following 
heart activity. One method to reduce this artifact is to 
increase the microscopic surface area of the electrode, while 
keeping the macroscopic surface area fixed. This micro- 
scopic surface area is the sum of all the microscopic cracks, 
crevices and indentations on the surface of the electrode. 

The electrode must also provide a means for sensing the 
electrical activity or signal of the heart. The ability to 
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efficiently detect heart activity is directly related to the 
sensing impedance of the electrode. Optimal sensing occurs 
with low sensing source impedance electrode designs. Thus 
large macroscopic surface area electrodes are desired for 
5 sensing. 

The pacing, or stimulating, threshold is a measurement of 
the energy required for a voltage pulse to initiate a contrac- 
tion in the heart tissue. The stimulus threshold typically rises 
after implantation of an electrode since there is an increase 

10 in the spacing between the electrode tip and the excitable 
cardiac tissue. This is a typical foreign body tissue healing 
response to the electrode tip and this healing response 
includes the generation of a fibrous capsule around the 
electrode tip. Lower stimulus thresholds have resulted from 

15 electrode designs with a porous structure at the distal 
electrode end. Optimal porous structures appear to minimize 
the initial foreign body reaction and hasten the subsequent 
healing response to the pacemaker lead tip electrode. 

Thus, a considerable design challenge in current state-of- 

20 the-art electrodes is the optimization of the electrode surface 
area, geometry and porosity. High pacing impedance is 
optimally achieved by low macroscopic surface area elec- 
trode geometry. Low polarization losses are optimally 
achieved by a high microscopic surface area electrode 

25 geometry. Low sensing source impedance requires large 
macroscopic surface area electrode geometry. Low sensitiv- 
ity to micro-dislodgement requires large macroscopic sur- 
face area electrode geometry. The design outcome is always 
a compromise between the opposite desired extremes. 

30 Recent devices utilize various types of surface coatings or 
metal surface enhancements (e.g., iridium oxide). These 
surface changes increase the microscopic surface area while 
keeping the electrode macroscopic surface area relatively 
the same. These surface enhancements help reduce the 

35 polarization losses for a given tip geometry but do not fully 
solve the design tradeoff concerns on the electrode surface. 

An electrode tip design, taught in U.S. Pat. No. 3,476,116 
by Parsonnet et al., utilizes an electrode tip with a fluid filled 

40 cavity. Within this cavity is a high surface area electrode. 
The fluid filled cavity is isolated from the tissue to be 
stimulated by an electrically insulating material containing a 
small aperture. This electrode tip design has, in effect, a 
large electrode surface area which lowers the polarization 

45 losses. The tissue to be stimulated however perceives a very 
small surface area due to the small aperture, resulting in high 
tip to tissue impedance. This design performed reasonably 
well short term, however the long term or chronic perfor- 
mance was shown to be compromised. The small aperture of 

5Q the Parsonnet design was highly sensitive to lead movement 
due to micro-dislodgment which changed the interface 
between the tissue and the small aperture. This aperture 
dislodgment caused high stimulation voltage thresholds in 
some patients and in extreme cases caused total electrode 

55 exit block which is a complete failure to stimulate. 

A modified Parsonnet design was disclosed by F. Hoff- 
mann in an article entitled "Stimulating Electrode With Low 
Energy Consumption" {Medical and Biological 
Engineering, September 1973, Pg. 659-660). This proposed 

60 design added additional holes or apertures to the original 
Parsonnet design. The sensitivity of the tip to tissue interface 
was effectively reduced, however consistent and stable 
chronic pacing thresholds were still not obtained. 

A similar electrode tip design is disclosed in U.S. Pat. No. 

65 5,282,844 to Stokes et al. To achieve low polarization losses, 
Stokes et al. teach the use of a fluid filled cavity containing 
an electrode with a large surface area, similar to that of 
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Parsonnet et al. Low stimulation voltage thresholds are 
achieved by the use of a cavity sheath with a small aperture, 
again similar to the Parsonnet design. To overcome the 
chronic increase in stimulation voltage, the Stokes design 
incorporates a steroid eluting device contained within the 
bodily fluid filled cavity. The steroid elution alters the results 
of the reaction to the foreign body response at the electrode 
tip to tissue interface and results in low chronic stimulation 
voltage thresholds. 

In U.S. Pat. No. 4,011,861, Enger teaches the use of an 
electric terminal, with a porous outer sheath. The porous 
sheath encourages the ingress of blood vessels without the 
production of a fibrous tissue interface which would result in 
high stimulation voltages. The large number of pores result 
in a large number of sites of current loss with no areas of 
high current density nor a marked increase in stimulus 
pacing impedance. 

MacGregor teaches in U.S. Pat. No. 4,281,669 a high 
surface area, sintered metal electrode tip, incorporating an 
outer porous polymeric covering. The pores provide for an 
improved tissue ingrowth structure at the tip. The high 
surface area sintered metal electrode provides low polariza- 
tion losses. Similar to Enger, the large number of pores of 
MacGregor result in no areas of high current density for 
stimulation. 

In U.S. Pat. No. 5,090,422 to Dahl et al., an electrode 
sheath is disclosed. Dahl et al. teach the use of a porous 
polymeric sheath, which when impregnated with bodily 
fluids, becomes electrically conductive. U.S. Pat. No. 5,609, 
622 to Bush also discloses a porous polymeric sheath. This 
polymeric sheath has a pore size of less than 10 microns for 
the purpose of precluding tissue attachment which facilitates 
removal of the lead after chronic implantation. The porosity 
also allows bodily fluids to impregnate the sheath thereby 
allowing electrical energy to pass through the sheath. The 
porous polymeric sheaths disclosed in Dahl et al. and Bush 
result in a large number of very small sites of current loss 
with no areas of high current density nor a marked increase 
in stimulus pacing impedance. 

SUMMARY OF THE INVENTION 

The present invention provides a layered electrode having 
an electrically conductive material, covered by one or more 
layers, wherein the electrode provides high pacing 
impedance, a low chronic stimulation voltage threshold and 
low post pacing polarization (artifacts. Specifically, the 
present invention is an electrode comprising an electrically 
conductive material which is covered or substantially cov- 
ered by a layer of substantially electrically insulating mate- 
rial having at least one macroporous perforation (or 
aperture) therethrough, and a microporous cover over the 
perforation. The at least one macroscopic perforation pro- 
vides a high current density path while the microporous 
cover is permeable to electrically conductive body fluids 
which allow current to flow through the cover. Preferably the 
microporous cover simultaneously prevents tissue ingrowth 
into the at least one perforation. 

In a preferred embodiment, the microporous layer is 
provided as two layers in the form of an external 
microporous layer having a pore size appropriate to promote 
tissue attachment to that layer by allowing tissue to grow 
into the pores of that layer, and an inner cell exclusion layer 
with pores adequately small to restrict or entirely prevent 
cell ingrowth. Both layers together are permeable to body 
fluids. In another preferred embodiment which may be used 
with either the single or two layer microporous cover, the 
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electrically conductive material of the electrode is in the 
form of an electrically conductive component provided with 
a surface of large area such as a porous metal, powdered 
metal, sintered metal, or any other means of enhancing the 

5 surface area of the electrically conductive component in 
order to enhance the charge transfer between the electrically 
conductive component and electrically conductive body 
fluids. The means of enhancing surface area of the electri- 
cally conductive material may involve the addition of one or 

10 more layers to the surface of the electrically conductive 
material. 

These multiple layers, in concert, can provide good 
biocompatibility, electrode tip anchoring to the tissue to be 
stimulated, prevention of cell proliferation into the subse- 
15 quent layers, one or more localized high current density 
stimulation sites, a high pacing impedance due to an effec- 
tively small macroscopic surface area electrode, and a low 
post pacing polarization artifact. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and advantages of the present 
invention may be fully understood and appreciated in con- 
junction with the attached drawings and following detailed 
25 descriptions. 

FIG. 1 shows an overall view of a pacing lead and 
stimulation system of the present invention. 

FIG. 2 shows a longitudinal cross section of the multiple 
layered distal electrode of the present invention. 
30 FIG. 2A shows a longitudinal cross section describing a 
preferred embodiment of FIG. 2 having additional layers. 

FIG. 3 shows a detailed cross section of the sequenced 
multiple layers of the distal tip of the present invention. 
35 FIG. 3A shows a detailed cross section of sequenced 
layers in an alternative embodiment of the distal tip of the 
present invention. 

FIG. 4A shows a perspective view of the third, perforated 
layer of the distal electrode, the layer having at least one 
40 aperture therethrough. 

FIGS. 4B through 4G show end and side views of various 
hole or perforation patterns in the electrically insulating 
layer. 

FIGS. 5 and 6 are cross-sections describing a method of 
45 assembling the multi-layer distal electrode. 

FIG. 7 is a graph showing the relation of threshold voltage 
vs. pulse width, at 35 days post implantation. 

FIG. 8 is a schematic drawing of the test apparatus used 
50 for determining the electrode impedance and the post pacing 
polarization artifact. 

DETAILED DESCRIPTION OF THE DRAWINGS 

The present invention is an electrode comprising a layered 
55 tip which provides a chronic electrode to tissue impedance 
of greater than about 1000 ohms and maintains a chronic 
stimulation voltage of less than about 5.0 volts without the 
use of steroid elution. In a preferred embodiment, the 
present invention is a multiple layered device comprising, in 
60 sequence, a) an external layer promoting tissue attachment, 
b) a secondary cell exclusion layer, which prevents tissue 
ingrowth into the subsequent layers, while allowing passage 
of conductive fluids, c) a third layer of substantially elec- 
trical insulating material with selected or tailored 
65 perforations, apertures or through holes which provide high 
current density paths, d) a fourth layer that contains a 
electrically conductive material of high surface area and e) 
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a fifth metallic layer having a high surface area. "Compris- 
ing in sequence" is hereby defined as a specific order or 
arrangement of the layers but does not preclude the use of 
additional intermediate layers. Thus, for example, the tissue 
attachment layer may be physically separated from the cell 5 
exclusion layer by a mesh material. The addition of this 
mesh, or intermediate layer, therefore does not preclude the 
tissue attachment layer from being in sequence with the cell 
exclusion layer. The term "cover" is hereby defined as a 
surface or material which, at least partially, overlays, 
envelops, coats or otherwise covers an underlying or internal 
surface or material. Similar to the above definition of 
"comprising in sequence", an internal surface or material is 
considered covered, despite the presence of any additional 
surface or materials between the cover and the internal 
covered surface or material. To be considered covered, an 
internal surface or material does not have to be in direct 
contact with the cover. For example, intermediate layers or 
surfaces may exist between the covered surface and the 
cover. 2Q 

A unipolar pacing lead, as generally described previously, 
is an implantable insulated electrical wire terminating in a 
distally located electrode. The electrical current path is 
composed of both conduction through the pacing lead elec- 
trical wire which is considered electronic flow (the flow of 25 
electrons) and conduction through the blood and other body 
fluids which is considered ionic flow (the flow of ions). The 
transition from electronic conduction to ionic conduction 
requires a charge transfer across the electrode surface inter- 
face. The surface of the electrode is therefore the physical 30 
area or interface where such a charge transfer occurs. 

FIG. 1 is a plane view of a typical implantable pacing lead 
2. The pacing lead 2 has a proximal end 4, configured to 
connect to a pacing generator, or stimulator 3 and a distal 
electrode 6 for stimulation of bodily tissue. The implantable 35 
lead 2 and the stimulator 3, comprise a stimulation system. 

FIG. 2 is a longitudinal cross section of the distal elec- 
trode 6. The coiled electrical conductor 16 is electrically 
connected to the base electrode 18. The coiled electrical 
conductor 16 is contained within an outer sheath 8. Electri- 40 
cal isolation is, in a preferred embodiment, achieved by 
coating the coiled wire 16 with an electrically insulating 
coating 17, for example ethylene-tetrafluoroethylene 
(ETFE). At the extreme distal end, the outer sheath 8 is 
covered by anchoring tine component 10 which incorporates 45 
anchoring tines 20. The outer sheath 8 is attached to the base 
electrode 18 by a bonding agent 12. The same bonding agent 
12 is used to attach the multiple layers of the distal electrode 
assembly 14 to the base electrode 18. The outer sheath 8 can 
be fabricated from any suitable biocompatible material, for 50 
example, polyurethanes, silicones or in a preferred embodi- 
ment porous polytetrafluoroethylene. The bonding agent 12 
can be any suitable biocompatible material such as silicone 
or in a preferred embodiment fluorinated ethylene propylene 
(FEP). A suitable form of FEP is available from Norton 55 
Performance Plastics, Wayne N.J., as Korton FEP Fluo- 
ropolymer Film. The base electrode 18 can have ridges, 
barbs, grooves or a suitable rough exterior surface finish to 
enhance the adherence of the bonding agent 12. Similarly, 
the multiple layers of the distal electrode tip assembly 14 can 60 
be configured with appropriately roughened surfaces to 
increase the adhesive bond strength in the layer to base 
electrode attachment area 22. 

As further shown in FIG. 2, the distal electrode tip of base 
electrode may be provided with a means for more effective 65 
electrical charge transfer in the form of a high surface area 
coating 32 such as a powdered or sintered metal coating or 
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a coating of other porous or roughened metal. Layer 36 in 
the form of a perforated sheet of substantially electrically 
insulating material covers the high surface area coating 32 of 
the distal electrode tip of base electrode 18. This perforated 
layer 36, provided with at least one perforation or aperture 
52 therethrough surrounded by substantially electrically 
insulating material 57, is in turn covered by microporous 
layer 26 which is permeable to electrically conductive body 
fluids. Aperture 52 provides a localized, high density current 
path through perforated layer 36. 

Perforated layer 36 may simply be captured or contained 
by an external microporous layer 26, thus a perforated layer 
36 does not necessarily have to be directly bonded to the 
base electrode 18. Multiple layers of the distal electrode tip 
assembly can be contained in such a fashion. 

Shown in the longitudinal cross section of FIG. 2 A and in 
greater detail in the enlarged longitudinal cross section of 
FIG. 3 is a description of the multiple layer distal electrode 
assembly 14, wherein wherein the electrically conductive 
material of base electrode 18 is provided with enhanced 
surface area by a coating of sintered metal 32 and an 
additional layer of carbon-filled ePTFE 34. This assembly is 
then covered with a layer 36 of substantially electrically 
insulating material having at least one perforation 
therethough, which is in turn covered by body fluid 
permeable, microporous layers 38 and 40 wherein layer 38 
is a cell exclusion layer and layer 40 is a cell ingrowth layer. 

As noted above, the base metallic electrode 18 preferably 
has an external, selective surface coated with high surface 
area sintered metal 32. The base metallic electrode 18 can be 
fabricated from any suitable biocompatible electrically con- 
ductive material, or conductive metal element, such as 
90%/10% Pt/Ir. The high surface area sintered metal 32 can 
consist of any conductive biocompatible material having a 
suitably high surface area. Typical sintered materials 32 
include 90%/10% Pt/Ir alloy micro spheres, approximately 
20-50 microns in diameter, coated onto the base electrode 
18 by conventional means. Adjacent to the high surface area 
coating 32 is an electrically conductive material, or carbon- 
ized polymer, which in a preferred embodiment is a carbon 
filled ePTFE layer 34. Thus layer 34 comprises an electri- 
cally conductive polymer material. This carbon filled ePTFE 
layer 34 enhances the transfer of electron current flow in the 
coiled conductor, to ionic current flow of bodily fluids. The 
high efficiency is a result of the high microscopic surface 
area of the carbon filled ePTFE in contact with bodily fluids. 
This carbon filled layer or material is produced in accor- 
dance with U.S. Pat. No. 5,560,986 to Mortimer, herein 
incorporated by reference. In a preferred embodiment, this 
carbon-filled material is produced following example #1 of 
the aforementioned patent, with the following exceptions: 1) 
the tape was calendered through heated rolls to 0.14 mm vs. 
0.28 mm, 2) the tape was stretched in the machine direction 
once vs. twice, with an expansion ratio of 2.5 to one, 3) the 
expanded tape was then not compressed vs. being com- 
pressed. The high surface area of the combined carbon filled 
layer 34 along with the high surface area of the sintered 
metal base electrode coating 32, result in low current den- 
sities and low polarization losses. 

As shown in FIG. 3, a third layer or cover 36 covers the 
electrically conductive polymer material or the carbon filled 
ePTFE layer 34. The third layer 36 is fabricated from any 
suitable biocompatible, substantially electrically insulating 
material, and is provided with at least one aperture 52 
therethrough. In a preferred embodiment layer 36 is FEP 
with multiple through holes, forming a specific array or 
pattern of perforations or apertures. This third layer 36, 
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covers and electrically isolates the carbon filled ePTFE layer 
34 from the body, except for the current paths provided by 
the perforations. The precise perforation hole pattern is 
designed to result in localized areas of high current densities 
and high electrode pacing impedance. Specific details relat- 5 
ing to the construction of this electrically insulating layer or 
cover are disclosed in subsequent sections. Importantly, the 
electrically insulating material of this layer is not limited to 
a near ideal, or high resistance material, and can be formed 
from a substantially electrically insulating material. A sub- lQ 
stantially electrically insulating material is hereby defined as 
a material or layer, which when fully wetted, has an elec- 
trical resistance at least about twenty times greater without 
perforations than with perforations. Thus the goal of the 
perforations is to achieve localized areas of high, or 
increased, current densities at the perforation sites compared 15 
to the current densities at the no n -perforated sites. An 
aperture is hereby defined as a hole, perforation or a porous 
area through the thickness of a layer of substantially elec- 
trically insulating material (i.e., therethrough) which covers 
an electrically conductive component, resulting in a high 20 
current density at the local site of the aperture. 

The fourth layer or cover of the present invention serves 
as a cell exclusion layer 38. In a preferred embodiment, the 
cell exclusion layer 38 is formed from ePTFE having a 
specific microstructure designed to prevent cellular penetra- 25 
tion into the inner layers. Cellular ingrowth into the internal 
layers has the possible negative effect of degraded electrical 
performance. In a preferred embodiment, the cell exclusion 
layer or cover is comprised of a thin, high strength, 
stretched, non-woven web of polytetrafluoroethylene com- 30 
posed substantially of fibrils in which the nodes are repre- 
sented primarily only as fibril junctions. This layer has a 
mean fibril length of less than about 3.0 microns with a 
preferred range of less than about 1.0 microns and more 
preferably between about 0.05 and 0.4 microns. The thick- 35 
ness of the material is, in a preferred embodiment, between 
about 1 micron and about 25 microns. 

The fifth layer, cover 40, is configured to encourage cell 
ingrowth or attachment to facilitate the electrode tip anchor- 
ing and thus insure consistent chronic electrical character- 40 
istics. This cell ingrowth layer or cover 40 is formed, in a 
preferred embodiment, from ePTFE having a specific micro- 
structure designed to encourage cellular penetration. 
Preferably, the materials for the cell exclusion layer 38 and 
the material for the cell ingrowth layer 40 are a laminate of 45 
at least two layers of porous polytetrafluoroethylene mate- 
rials each having a different porosity. The lamination of 
these two film layers, the process for which will be subse- 
quently described, facilitates the handling of the thin films 
during subsequent processing. Thus the lamination process 50 
is not considered to be critical regarding the electrode 
performance, and may be eliminated if deemed unnecessary. 

FIG. 3A describes a detailed cross section, in similar 
fashion to the cross section of FIG. 3, of an alternative 
embodiment of the inventive electrode tip wherein layer 36 55 
provided with the at least one aperture is combined with 
microporous layer 26 (preferably intended to exclude cell 
ingrowth). This can be accomplished in different ways with 
the result being a layer 39 provided with apertures 53 which 
are microporous rather than entirely open, with the pore size 60 
of the microporous region preferably being adequately small 
to exclude cell ingrowth. Apertures 53 are surrounded by 
substantially electrically insulating material 57. Layer 39 is 
then preferably provided with additional covering layer 40 
which is a microporous cell ingrowth layer. Layer 39 is 65 
provided over base electrode 18, preferred sintered metal 
coating 32 and preferred conductive ePTFE layer 34. 
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Layer 39 may be made in various ways. One method is to 
select a sheet of microporous ePTFE having the desired 
mean fibril length appropriate for aperture 53 and densify 
the area 57 surrounding aperture 53 by the application of 
pressure until the area 57 is no longer porous. This results in 
area 57 being of reduced thickness in comparison to the 
aperture region 53; this reduced thickness is not anticipated 
to be a problem with respect to the function of this layer. 
Densification of porous ePTFE to provide selected non- 
porous regions is taught by U.S. Pat. No. 5,032,445 to 
Scantlebury et al. Alternatively, non-porous region 57 may 
be made by filling the void spaces of the porous sheet of 
ePTFE with a suitable filler such as medical grade silicone 
adhesive while leaving the aperture region 53 unfilled and 
still microporous; alternatively this region 57 may be pro- 
vided with a coating of a non-porous sealant such as the 
silicone material. All of these methods allow aperture 53 to 
provide a localized area of high current density. 

The portion of the laminate or cover containing the cell 
ingrowth layer 40 is a porous expanded polytetrafluoroeth- 
ylene material (ePTFE) having a microstructure of nodes 
interconnected by fibrils, made in accordance with the 
teachings of U.S. Pat. Nos. 3,953,566 and 4,187,390 to 
Gore, both of which are incorporated herein by reference. 
These patents teach that ePTFE may be manufactured in a 
range of densities (inversely proportional to porosity) and 
pore sizes. Pore size with regard to ePTFE is most com- 
monly characterized in terms in mean fibril length which 
refers to the mean length of fibrils of the material, or more 
conveniently, the mean distance between adjacent nodes. 
The ePTFE material for use as the cell ingrowth layer has an 
mean fibril length greater than about 3.0 microns and 
preferably greater than about 50 microns. The thickness of 
the material ranges from about 10 microns to about 1000 
microns, preferably about 40—60 microns. 

Mean fibril length is measured as taught by U.S. Pat. No. 
5,747,128 at col. 6, lines 19-37. Mean fibril length can be 
estimated with adequate accuracy for most purposes by 
visual examination of SEM photomicrographs of an ePTFE 
sample surface by those of ordinary skill in the art. 

The preferred method of making the cellular exclusion 
layer 38 of the laminate or cover utilizes a portion of a 
method taught by Bacino in U.S. Pat. No. 5,476,589 entitled 
"Porous PTFE Film And A Manufacturing Method 
Therefor," which is also incorporated herein by reference. In 
the Bacino method, after the appropriate polytetrafluoroet- 
hylene starting materials are chosen and prepared as a 
coagulated dispersion of fine powder 
polytetrafluoroethylene, the coagulated dispersion powders 
are lubricated with a hydrocarbon extrusion aid, preferably 
as odorless mineral spirit such as Isopar K (made by Exxon. 
Corp.). The lubricated powder is compressed into cylinders 
and extruded in a ram extruder to form tapes. Two or more 
layers of tape can be stacked together and compressed 
between two rolls. The tape or tapes are compressed 
between rolls to an appropriate thickness, e.g. 5 to 40 mils, 
or so. The wet tape is stretched transversely to 1.5 to 5 times 
its original width. The extrusion aid is driven off with heat. 
The dried tape is then expanded, or stretched, longitudinally 
between banks of rolls in a space heated to a temperature 
that is below the polymer melting point of 327° C. The 
longitudinal expansion is such that the ratio of speed of the 
second bank of rolls to the first bank is between 10 to 1 and 
100 to 1, preferably 35 to 1. The longitudinal expansion is 
repeated at a ratio greater than 1 to 1 and less than 1.5 to 1, 
utilizing a third set of rollers. 

After the longitudinal expansion, the tape is expanded 
transversely at a temperature that is less than 327° C. to at 
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least 1.5 times and preferably to 6 to 15 times the input width 
of the original extrudate while restraining the membrane 
from longitudinal contraction. While still under constraint, 
the membrane is preferably heated to above the polymer 
melting point of 327° C. and then cooled. 5 

Lamination of these two different porous polytetrafluo- 
roethylene materials (the cell ingrowth layer and the cell 
exclusion layer) is performed by combining some of the 
steps of the above referenced Bacino method. To perform the 
lamination, the cell ingrowth material is joined with the 10 
material from the Bacino method between the second and 
third set of rolls and longitudinally expanded together during 
the above described second longitudinal expansion having 
an expansion ratio of greater than 1:1 and less than 1.5:1. 
The thickness of the laminate can be less than 55 microns. 15 

Next the laminate or cover, after the longitudinal 
expansion, is expanded transversely at a temperature that is 
less than 327° C. to at least 1.5 times and preferably to 6 to 
15 times the input width of the original laminates while 
restraining the laminate from longitudinal and transverse 2 o 
contraction. While still under constraint the laminate is 
preferably heated to above the polymer melting point of 
327° C. and then cooled. 

The construction of the perforated, substantially electri- 
cally insulating layer 36 of FIGS. 2—3 are further described 25 
in detail beginning with FIG. 4 A. As shown in FIG. 4 A, an 
initial sheet 50 of the substantially insulating material is 
positioned, in a preferred embodiment, onto a laser cutting 
fixture (not shown). The substantially insulating layer 50 is 
then perforated with a series of holes (apertures) 52 sur- 30 
rounded by substantially electrically insulating material 57. 
The initial sheet 50 has an approximate electrode surface 
area contained or defined by the periphery 54. This periph- 
ery 54 defines an initial maximum surface area or mechani- 
cal contact area 55 (the entire area within periphery 54), 35 
which covers the entire macroscopic surface area of the 
sintered metal layer 32 (FIG. 3). Enough material 58 outside 
of periphery 54 must be provided for attachment of the layer 
50 to the electrode assembly as will be seen subsequently in 
FIG. 6. Each hole 52, has, in a preferred embodiment, a 40 
substantially similar hole area 56. After cutting the holes in 
sheet 50, the ratio of the number of holes 52 multiplied by 
the typical hole area 56, to the mechanical contact area 55 
is preferably less than 0.40. This ratio is referred to as the 
perforation ratio. Devices of the present invention have 45 
typical hole, aperture or perforation areas 56 ranging from 
about 0.008 to 0.09 mm 2 (corresponding to diameters of 
about 0.1 mm to 0.34 mm for circular apertures) with a 
preferred range of 0.015 to 0.07 mm 2 . Devices of the present 
invention have a preferred number of perforations or aper- 50 
tures 52, ranging from 3 to 30 (at least 3 apertures repre- 
senting a "multiplicity" of apertures), with a preferred range 
of 5 to 18. By perforating the insulating sheet 50 while in the 
flat or planar state, very accurate holes can be cut, having 
precise hole areas, hole spacing and hole patterns. These 55 
high cutting accuracies are difficult to achieve when the 
insulating layer is in the final hemispherical shape as shown 
by assembly 14 in FIG. 2. In addition, by only exposing the 
insulating layer to the cutting process, the other inner and 
outer layers of the distal electrode tip are not affected or 60 
compromised by the perforation cutting operation. 

It is important to note that following assembly onto the 
distal electrode, the perforated, substantially insulating layer 
36 results in an electrode with a much higher pacing 
impedance when compared to the pacing impedance from an 65 
electrode identically constructed but without this layer. This 
is a result of the perforation ratio, as previously defined, 
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markedly reducing the effective area for current stimulation. 
The specific perforations are designed to result in localized 
areas of high current densities and high electrode pacing 
impedance. Devices of the present invention have perfora- 
tions or apertures that result in pacing impedances ranging 
from about 1000 ohms to greater than about 10,000 ohms. 
Importantly, this high pacing impedance is achieved while 
still maintaining a large mechanical contact area 55. The 
large mechanical contact area 55 works to minimize the 
influence of lead placement and micro dislodgment on the 
stimulation threshold. The large mechanical contact area 55 
also enables a large surface area for minimizing polarization 
artifacts during pacing stimulation. Devices of the present 
invention can have mechanical contact areas ranging from 
about 0.5 to 10 mm 2 , with a preferred range of between 
about 1.5 and 5.0 mm 2 . 

As shown in the end view of FIG. 4B and related side 
view of FIG. 4C describing a preferred embodiment, the 
distal electrode tip assembly 14 has six perforations or holes 
52 in the electrically insulating layer wherein all six perfo- 
rations are visible in the end view. When viewed perpen- 
dicular to the longitudinal axis 51, holes can be seen to be 
located both at the top of the hemisphere tip and down 
towards the area of the widest dimension. Other embodi- 
ments include other numbers of perforations 52, for example 
eleven, as shown in FIGS. 4D and 4E, and holes of a 
non-circular nature as shown in FIGS. 4F and 4G. Note that 
preferably, but not necessarily, the hole pattern has radial 
symmetry and is approximately aligned with the center of 
the longitudinal axis 51. 

A preferred assembly method of the distal tip electrode is 
shown in FIGS. 5 and 6. The cell ingrowth layer 40 and the 
attached cell exclusion layer 38, are positioned onto an 
assembly fixture 60, as shown in FIG. 5. The perforated 
electrically insulating layer 36 is then positioned onto the 
cell exclusion layer 38. The three layers 36, 38 and 40 are 
then tacked together around an outer periphery by melting 
the electrically insulating layer 36, forming a bonded region 
62. The electrically conductive material, preferred carbon 
filled ePTFE layer 34, is laser cut to size and then positioned 
onto the electrically insulating layer 36. The base electrode 
18 with the sintered metal coating 32 is then positioned over 
the four layers 34, 36, 38 and 40 and pushed through the 
assembly fixture 60, along the axis 61. As shown in FIG. 6, 
the cell ingrowth layer 40, the cell exclusion layer 38 and the 
electrically insulating layer 36, extend over and beyond the 
sintered metal 32 portion of the base electrode 18. These 
three layers 36, 38 and 40 are then secured to the base 
electrode 18 by wrapping PTFE suture 64 (W.L. Gore and 
Associates, Flagstaff, Ariz.) around the three layers 36, 38 
and 40 and the base electrode 18. 

The assembly is then positioned onto a four jaw heat 
compression die (not shown) which compresses and ther- 
mally bonds the electrically insulating layer 36 in the 
attachment area 22. The three layers 36, 38 and 40 are then 
trimmed about an axis 67. Thus the electrically conductive 
material 18 and optional carbon-filled PTFE layer 34 are 
covered by one or more of layers or covers 36, 38 or 40. 
Optionally, the high temperature suture (or wire) 64 is 
removed, and the layers are trimmed about the axis 66. 
Referring to FIGS. 2A and 6, adhesive or additional ther- 
moplastic bonding material 12, is placed between the three 
layers 36, 38 and 40, over the attachment area 22, and onto 
the exposed portion of the base electrode 18. The outer 
polymeric sleeve 8 is then positioned onto the base electrode 
18 and over the three layers 36, 38 and 40 and placed into 
a four jaw heated compression die (not shown) and the 



US 6,546 

11 

adhesive or bonding thermoplastic 12 is melted in the 
attachment zone 22, thus bonding the outer polymeric sleeve 
8 to the base electrode. As shown in FIG. 6, the outer three 
layers or covers 36, 38 and 40 have a thickness 70. In a 
preferred embodiment the thickness 70 of these three layers 5 
is less than 0.08 mm. In other embodiments this thickness 70 
can be less than 0.09 mm, less than 0.1 mm, less than 0.15 
mm or less than 0.25 mm. In a preferred embodiment, the 
thickness of the cell exclusion cover combined with the cell 
ingrowth cover is less than about 55 microns. 

After implantation, the porous polymer layers become 
filled with body fluids. The ionic conductivity of the body 
fluids becomes part of the electrical path for the pacing 
stimulation and cardiac sensing functions. In a preferred 
embodiment, the polymer is an expanded PTFE structure 15 
that has been treated with a process so that the lead auto- 
matically or rapidly wets out upon contact with bodily fluids. 
Preferred processes that allow the electrode to automatically 
or rapidly wet out include the application of chemicals such 
as ducosate sodium (DSS) or polyvinyl alcohol (PVA). 20 

Experimental results have been obtained from chronic 
canine animal studies of electrodes constructed per the 
present invention. In one such experiment, the distal stimu- 
lating electrode was constructed as shown in FIG. 3 with a 
Pt/Ir alloy base electrode item 18, sintered Pt/Ir metal micro 2 5 
spheres coated onto the base electrode item 32, Ketjen Black 
carbon-filled ePTFE conductive polymer layer item 34, FEP 
layer 36 with five perforation holes of a nominal diameter of 
240 microns, and an ePTFE laminate layer item 38 and 40 
for cell exclusion and cell ingrowth. The electrode was 30 
constructed as detailed in FIGS. 5 and 6. Prior to testing, the 
electrode was treated with a solution of PVA in order to aid 
in wetting of the microporous polytetrafluoroethylene by 
body fluids immediately following implantation. This was 
accomplished by submersing the ePTFE-covered electrode 35 
tip in isopropyl alcohol followed by submersion in 2% 
PVA/water solution. Next, the electrode tip is submersed in 
a 2% gluteraldehyde/1% hydrochloric acid solution in order 
to cross-link the PVA, followed by rinsing the electrode tip 
in sterile water to remove excess PVA. 40 

Acute data, collected via a Medtronic Model 531 IB 
Pacing System Analyzer at time of implant deep in the right 
ventricular apex of a canine, showed a pacing voltage 
threshold of 0.2 volts (at 0.5 millisecond pulse width) and 
pacing impedance of 1373 ohms. Electrical performance 45 
data was collected intermittently throughout the 90 day 
study. During all data collections, the stimulation voltage, 
measured at 0.5 millisecond pulse width, was always less 
than 1 Volt and the pacing impedance was always greater 
than 1300 ohms. At day 90, the chronic stimulation voltage 50 
was 0.6 volts and the pacing impedance was 1515 ohms. 
Representative strength duration threshold data at 35 days 
post implantation is shown in FIG. 7. The pacing impedance 
measured 35 days post implantation was 1852 ohms. 

The methodology for the determination of pacing imped- 55 
ance in an in vitro saline model is fully described in the 
standards document CEN/CENELEC Joint Working Group 
on Active Implantable Medical Devices (CEN/CLC JWG 
AIMD) Draft European Standard prEN 45502, part 2, sec- 
tion 6.2.1.3, "Determination of the unipolar pacing imped- 60 
ance". In brief, the lead and an indifferent electrode are 
inserted into a beaker of saline and connected to a signal 
generator set at an amplitude of 4.0 Volts and 0.5 millisec- 
ond pulse duration. The pacing impedance is computed by 
measuring the integral of the voltage waveform during the 65 
pacing impulse and dividing this by the integral of the 
current during the pacing impulse. The current is measured 
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via the voltage across a series 10 ohm resistor. It is often 
useful to average the pacing impedance of 3-5 different 
leads in the determination of an electrode's pacing imped- 
ance. 

The aforementioned Draft European Standard defines two 
test methods for the determination of the pacing impedance, 
one for a unipolar configuration and another for a bipolar 
configured lead or electrode. The pacing impedance of any 
electrode should be determined by the unipolar test using a 
second indifferent electrode. Thus for any type of electrode 
incorporating the embodiments of the present invention, the 
pacing impedance is defined as the calculated impedance 
value for a single, specific electrode, derived using the 
unipolar test with an indifferent electrode. For multi-channel 
or multi -conductor leads, only the electrode under consid- 
eration is tested using the unipolar test. The applicable 
sections of the aforementioned Draft European Standard are 
as follows: 

6.2.1.1 Measurement of the Lead Conductor Resistance (R c ) 
and Lead Pacing Impedance (Z^) 

6.2.1.1 Test Conditions 

The accuracy of appliances used for testing (oscilloscope, 
ohm-meter, resistor) must be 2 percent or better. The con- 
ductivity of the body is simulated during testing by a saline 
solution of 0.9 g/I±0.5% at a temperature of 37° C.±2° C. 
The Lead shall be removed aseptically from the Non- 
reusable Pack. The surface of a Lead with a porous structure 
shall not be allowed to dry out. 

6.2.1.2 Determination of the Lead Conductor Resistance 

(RJ 

The Lead Conductor Resistance, (R c ), is measured by 
applying an ohm -meter between the Lead connector and the 
Electrode. 

6.2.1.3 Determination of the Unipolar Lead Pacing Imped- 
ance (Zp) 

The Lead Pacing Impedance is determined by inserting 
the Lead into a beaker filled with the saline solution speci- 
fied in subclause 6.2.1.1, so that the Electrode tip is placed 
approximately in the centre of the beaker (see FIG. 118). The 
indifferent Electrode of the pacing system is simulated by 
two metal plates of titanium placed according to FIG. 118. 
The dimensions of the beaker and the plates may be chosen 
linearly proportionally greater, but not smaller, than indi- 
cated in FIG. 118. Holes cut into the upper plate shall not 
reduce the total surface area by more than 10 percent. 

The Lead and the parallel circuit formed by both plates are 
connected to a test signal generator that is adjusted to 
produce a pulse that has a duration of 0.5 ms±0.05 ms and 
an amplitude of 4 V±0.1 V. The current, I, is determined by 
measuring the voltage drop across the 10 ohm±2% resistor. 
The mean values of voltage and current are used for deter- 
mination of the Lead Pacing Impedance by applying the 
following formula: 

fudr Cuidt 

FIG. 118, referred to above in the Draft European 
Standard, is shown herein as FIGS. 8. FIG. 8 depicts FIG. 
118 of the Draft European Standard, which applies to a 
unipolar lead. As shown in FIG. 8, an oscilloscope 100 has 
two channels Ul 102 and U2 104. A test signal generator 106 
produces a output wave form 108, having an amplitude 110 
and a pulse duration 112. The pulse amplitude 110 is 4.0 
volt±0.1 volt and the pulse duration 112 is 0.5 ms±0.05 ms. 
The electrode tip 114 is placed into the approximate center 
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of the beaker 116, which is filled with saline solution 118. In 
the beaker 116 are two titanium plates, a top plate 120 and 
a bottom plate 122. The top plate has a width 124 of at least 
40 mm and the bottom plate has a width 126 of 50 mm. The 
two plates 120 and 122 have a vertical separation distance 5 
128 of 60 mm. The resistor 130 has a value of 10 ohms±2%. 

The methodology for the determination of post pacing 
polarization artifact follows the same setup described above 
(Draft European Standard prEN 45502, part 2, section 
6.2.1.3). The post pacing artifact is measured with an 10 
oscilloscope. The measurement is made 30 milliseconds 
following the pacing pulse and with the signal generator set 
at 4.0 Volts and 0.5 millisecond pulse duration. One appli- 
cable signal generator that can be used for this measurement 15 
is a Medtronic Model 5311B Pacing System Analyzer. This 
signal generator mimics the voltage waveform both during 
and shortly after the pacing stimulus that is typically gen- 
erated by a pacemaker. The post pacing polarization artifact 
measurement determines the residual voltage shortly after 20 
pacing stimulation. Electrodes with large polarization arti- 
fact measures are both less efficient and can present prob- 
lems to the pacemaker in sensing the following heart activity 
when compared to electrodes with small polarization artifact 
measures. It is often useful to average the post polarization 25 
artifact of 3-5 different leads in the determination of an 
electrode's post polarization artifact. Devices of the present 
invention typically have post pacing polarization artifact 
voltages of less than 20 millivolts. 

The in vivo chronic stimulation voltage is determined by 
setting the pacing stimulus generator to a pulse duration of 
0.5 millisecond and an elevated pulse amplitude. The in vivo 
threshold voltage can be determined in either the clinical 
human or in an animal model (preferably canine). The lead 35 
position is ideally deep in the right ventricular apex and 
fluoroscopic imaging can be used to verify both the correct 
position and the possibility of lead dislodgement. Situations 
of lead dislodgement, a known complication of this type of 
therapy, are excluded in determination of an electrode's 40 
threshold performance. Following determination that the 
pacing is capturing the heart, the stimulus amplitude is 
slowly reduced. When myocardial capture fails (as detected 
by a drop in heart rate and a change in QRS morphology 
using a surface ECG monitor) the last voltage that main- 45 
tained consistent capture is noted. Consistent capture is the 
voltage level that maintained approximately 100% captured 
paced beats for a period of 5 seconds or longer. This voltage 
is defined as the voltage threshold and is the chronic voltage 
threshold if the electrode has been implanted for a duration 50 
greater than 30 days. It is often useful to average the in vivo 
threshold voltage of 3-5 different leads in the determination 
of an electrode's in vivo threshold voltage. 

Although it will become evident to those skilled in the art 
that the present invention is applicable to a variety of 
implantable medical devices utilizing pulse generators to 
stimulate selected body tissue, the invention and its back- 
ground has been described principally in the specific 
example of cardiac pacemakers used to provide precise 60 
stimulation pulses to the heart. While the present invention 
has been described as a unipolar electrode, other embodi- 
ments are possible such as applications to bipolar electrode 
leads or any stimulating or sensing electrode device in an 
annular or planer configuration. The appended claims are not 65 
intended to be limited to any specific example or embodi- 
ment herein described. 
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We claim: 

1. An electrode comprising: 

a) an electrically conductive material; 

b) a layer of substantially electrically insulating material 
having at least one aperture therethrough, said layer of 
substantially electrically insulating material covering 
the electrically conductive material; and 

c) a microporous cover over the at least one aperture. 

2. An electrode according to claim 1 wherein the electrode 
provides a pacing impedance of greater than about 1000 
ohms. 

3. An electrode according to claim 2 wherein the electrode 
provides a chronic stimulation voltage threshold of less than 
about 5.0 volts. 

4. An electrode according to claim 1 wherein the electrode 
provides a chronic stimulation voltage threshold of less than 
about 5.0 volts. 

5. An electrode according to claim 4, wherein the elec- 
trode maintains the chronic stimulation voltage without the 
use of steroid elution. 

6. An electrode according to claim 1, wherein the elec- 
trode further provides a post pacing polarization artifact of 
less than about 20 millivolts. 

7. An electrode according to claim 1, wherein the 
microporous cover is a polymer. 

8. An electrode according to claim 7, wherein the polymer 
is a fluoropolymer. 

9. An electrode according to claim 8, wherein the fluo- 
ropolymer is porous polytetrafLuoroethylene. 

10. An electrode according to claim 1, wherein the 
microporous cover has a thickness of less than about 0.055 
mm. 

11. An electrode according to claim 1, wherein the 
microporous cover has a thickness of less than about 0.15 
mm. 

12. An electrode according to claim 1, wherein the 
microporous cover has a thickness of less than about 0.25 
mm. 

13. An electrode according to claim 1, wherein the 
electrode provides a pacing impedance of greater than about 
5000 ohms. 

14. An electrode according to claim 1, wherein the 
electrode provides a pacing impedance of greater than about 
10,000 ohms. 

15. An electrode according to claim 1 wherein the 
microporous cover has been treated with polyvinyl alcohol 
prior to implantation in a living body. 

16. An electrode according to claim 15 wherein the 
microporous cover comprises porous polytetrafluoroethyl- 
ene. 

17. A stimulation system comprising a stimulator and an 
electrode according to claim 1. 

18. An electrode according to claim 1 wherein the 
microporous cover comprises a cell exclusion layer covering 
the at least one aperture and substantially preventing cellular 
ingrowth into the at least one aperture. 

19. An electrode according to claim 18, wherein the cell 
exclusion layer comprises porous polytetrafluoroethylene. 

20. An electrode according to claim 19 wherein a cell 
ingrowth layer covers the cell exclusion layer. 

21. An electrode according to claim 20 wherein the cell 
ingrowth layer comprises porous polytetrafluoroethylene. 

22. An electrode according to claim 18 wherein a cell 
ingrowth layer covers the cell exclusion layer. 

23. An electrode according to claim 22 wherein the cell 
ingrowth layer comprises porous polytetrafluoroethylene. 

24. An electrode according to claim 22 wherein the 
thickness of the cell ingrowth layer and the cell exclusion 
layer is less than about 0.08 mm. 
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25. An electrode according to claim 22 wherein the 
thickness of the cell ingrowth layer and the cell exclusion 
layer is less than about 0.15 mm. 

26. An electrode according to claim 22 wherein the 
thickness of the cell ingrowth layer and the cell exclusion 5 
layer is less than about 0.25 mm. 

27. An electrode according to claim 1 wherein the at least 
one aperture comprises multiple apertures. 

28. An electrode according to claim 1 wherein the 
microporous cover comprises a cell exclusion layer covering 10 
the at least one aperture. 

29. An electrode according to claim 1 wherein the sub- 
stantially electrically insulating material is non-porous and 
surrounds the at least one aperture, and the at least one 
aperture has an opening with an area of less than about 0.09 15 
mm 2 . 

30. An electrode according to claim 1 wherein the elec- 
trically conductive material is a carbonized polymer. 

31. An electrode according to claim 30, wherein the 
carbonized polymer comprises a fluoropolymer. 20 

32. An electrode according to claim 31, wherein the 
fluoropolymer is porous polytetrafluoroethylene. 

33. An electrode according to claim 1, wherein the 
electrically conductive material covers a conductive metal 
element. 25 

34. An electrode comprising: 

a) an electrically conductive material; and 

b) a layer of substantially electrically insulating material 
covering a surface of the electrically conductive 
material, the layer having at least one aperture there- 
through exposing a portion of the surface of the elec- 
trically conductive material, wherein the at least one 
aperture contains a microporous material that covers 
the portion of the surface of the electrically conductive 
material, said microporous material having intercon- 
nected void spaces such that the at least one aperture is 
permeable to electrically conductive liquids. 

35. An electrode according to claim 34 wherein the 
substantially electrically insulating material is non-porous 
and surrounds the at least one aperture, and the intercon- 
nected void spaces are sized appropriately to substantially 
prevent cellular ingrowth. 

36. An electrode according to claim 35 wherein the layer 
of substantially electrically insulating material is provided 
with a microporous cover having void spaces therein of a 
size appropriate to allow cellular ingrowth. 

37. An electrode according to claim 34 wherein the layer 
of substantially electrically insulating material is provided 
with a microporous cover having void spaces therein of a 
size appropriate to allow cellular ingrowth. 

38. An electrode according to claim 37 wherein the at 
least one aperture comprises multiple apertures. 

39. An electrode according to claim 34 wherein the at 
least one aperture comprises multiple apertures. 
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40. An electrode comprising: 

a) an electrically conductive material; 

b) a microporous cell exclusion layer covering the elec- 
trically conductive material, said microporous cell 
exclusion layer having void spaces therein of a size 
appropriate to substantially prevent the ingrowth of 
cells; and 

c) a microporous cell ingrowth layer covering a substan- 
tial portion of the microporous cell exclusion layer, said 
microporous cell ingrowth layer having void spaces 
therein of a size appropriate to allow cellular ingrowth. 

41. An electrode comprising: 

a) an electrically conductive material; 

b) a layer of substantially electrically insulating material 
covering the electrically conductive material, said layer 
of substantially electrically insulating material being 
non-porous and having a multiplicity of holes there- 
through wherein each of said holes has an area of about 
0.09 mm 2 or less; and 

c) a microporous cover over the layer of substantially 
electrically insulating material. 

42. An electrode comprising: 

a) an electrically conductive material; 

b) a layer of electrically conductive material of high 
surface area covering the electrically conductive mate- 
rial; 

c) a layer of substantially electrically insulating material 
covering the layer of electrically conductive material of 
high surface area, said layer of electrically insulating 
material having at least one aperture therethrough; 

d) a microporous cell exclusion layer covering the layer of 
electrically insulating material, said microporous cell 
exclusion layer having void spaces therein of a size 
appropriate to substantially prevent the ingrowth of 
cells; and 

e) a microporous cell ingrowth layer covering a substan- 
tial portion of the microporous cell exclusion layer, said 
microporous cell ingrowth layer having void spaces 
therein of a size appropriate to allow cellular ingrowth. 

43. An electrode according to claim 42 wherein the layer 
of electrically conductive material of high surface area 
comprises an electrically conductive porous polymer. 

44. An electrode according to claim 43 wherein the 
electrically conductive porous polymer is porous polytet- 
rafluoroethylene. 

45. An electrode according to claim 42 wherein the layer 
of substantially electrically insulating material is fluorinated 
ethylene propylene. 



